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Edited by Christian GriesingerAbstract It is generally believed that compatible osmolytes
stabilize proteins by shifting the denaturation equilibrium, native
state M denatured state toward the left. We show here that if
osmolytes are compatible with the functional activity of the
protein at a given pH and temperature, they should not signiﬁ-
cantly perturb this denaturation equilibrium under the same
experimental conditions. This conclusion was reached from the
measurements of the activity parameters (Km and kcat) and
guanidinium chloride-induced denaturations of lysozyme and
ribonuclease-A in the presence of ﬁve polyols (sorbitol, glycerol,
mannitol, xylitol and adonitol) at pH 7.0 and 25 C.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Ribonuclease-A1. Introduction
Osmolytes are cosolvents that are used to protect organism
from harsh environmental stresses. These molecules stabilize
proteins, not interacting with them directly but altering the sol-
vent properties of the surrounding water and hence protein–
solvent interactions [1]. Their eﬀect seems to be general for
all proteins. Those having enhancing eﬀect on protein func-
tions are called counteracting osmolytes and those having no
inhibitory or enhancing eﬀect are called compatible osmolytes.
Polyols, amino acids and amino acid derivatives belong to the
class of compatible osmolyte [2]. Among these, polyols are the
most prevalent molecules used by nature to protect organisms
against the stresses of high osmotic pressure and freezing [3,4].
They have also been found to be eﬀective stabilizers of proteins
when added at high concentrations, for they raise the midpoint
of heat-induced and chemical-induced denaturations [5–12].
There are various mechanisms that have been used to ex-
plain the observation on the stabilization of proteins by osmo-
lytes [13–16]. According to the most widely used mechanism
[15], osmolytes stabilize the native protein because proteinsAbbreviations: DGD, Gibbs free energy change on denaturation; DG
o
D,
the value of DGD in the absence of denaturant; RNase-A, ribonuclease-
A; CD, circular dichroism; GdmCl, guanidinium chloride
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doi:10.1016/j.febslet.2005.06.005are preferentially hydrated in their presence and this preferen-
tial hydration raises the chemical potential of the protein pro-
portionately to the solvent exposed surface area. Thus, by Le
Chateliers principle, osmolytes favor more compact state over
the structurally expanded state. Hence, DGD the Gibbs energy
change associated with the denaturation equilibrium, native
(N) stateM denatured (D) state should increase in the presence
of osmolytes, for DGD = RTln([D]/[N]), where square brack-
et represents concentration. The most recent mechanism of sta-
bilization of proteins by osmolytes is due to Bolen and
coworkers [16] who have predicted that the denaturation equi-
librium between N and D states should shift toward the N
state due to the overwhelming unfavorable interaction between
peptide backbone and osmolytes. Both mechanisms predict
that under a given experimental condition stabilizing osmo-
lytes increase DGD for D molecules are converted into N mol-
ecules in their presence. There are at least two consequences if
this increase in the concentration of N molecule is signiﬁcant.
First, for an enzyme degradative protein turnover will decrease
and Vmax will increase in the presence of stabilizing osmolytes.
Second, any osmolyte, which is compatible with functional
activity of the protein in a given experimental condition,
should not perturb the denaturation equilibrium (i.e., DGD)
in that particular experimental condition. This hypothesis
was tested for two enzymes namely, lysozyme and ribonucle-
ase-A (RNase-A) by measuring kinetic parameters (Km and
kcat) and thermodynamic stability (DGD) in the presence of ﬁve
polyols (sorbitol, glycerol, mannitol, xylitol and adonitol) at
pH 7.0 and 25 C. We show that polyol osmolytes perturb nei-
ther functional activity parameters (Km and kcat) nor DGD. We
also show that polyols do not perturb the structural character-
istics of the native and denatured states of proteins.2. Materials and methods
Commercial lyophilized preparations of RNase-A (type III-A) and
hen egg white lysozyme were purchased from Sigma Chemical Co.
D-Sorbitol, D-glycerol, D-mannitol, D-adonitol, D-xylitol and lyophi-
lized cells of Micrococcus luteus and cytidine 2 0-3 0 cyclic monophos-
phate (C > p) were also obtained from the Sigma. Guanidinium
chloride (GdmCl) was the ultrapure sample from Schwarz/Mann.
These and other chemicals, which were of analytical grade, were used
without further puriﬁcation.
RNase-A and lysozyme solutions were dialyzed extensively against
0.1 M KCl at pH 7.0 in cold (4 C). Protein stock solutions were ﬁl-
tered using 0.45 lm millipore ﬁlter paper. Both proteins gave single
band during polyacrylamide gel electrophoresis. Concentration of
the protein solution was determined experimentally using e, the molar
absorption coeﬃcient (M1 cm1) values of 9800 at 277.5 nm foration of European Biochemical Societies.
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tion of GdmCl stock solution was determined by refractive index mea-
surements [19]. All solutions for optical measurements were prepared
in the degassed 0.05 M cacodylic acid buﬀer containing 0.1 M KCl.
Since pH of the protein solution may change on the addition of cosol-
vents, pH of each solution was also measured after the denaturation/
activity experiments. It was observed that the change in pH was not
signiﬁcant. It should, however, be noted that no corrections were made
for the possible eﬀect of co-solvents on the observed pH of protein
solutions.2.1. Activity measurements
For measuring lysozyme activity we usedM. luteus cell walls as sub-
strate and followed the procedure of Maurel and Douzou [20]. The
reaction was followed in Jasco UV/Vis spectrophotometer. We ob-
served that the apparent speciﬁc absorbance (the slope of the straight
line obtained by plotting the decrease in absorbance at 450 nm against
concentration of the substrate in the range 0–150 mgl1) of an aqueous
suspension of M. luteus cell was e450 = 0.65 · 102 mgl1. Just before
the initiation of the enzymatic reaction, a given concentration of the
substrate in the buﬀer was transferred to sample and reference cuvettes
which was kept at 25.0 ± 0.1 C and allowed to equilibrate for 15 min.
In order to follow the progress curve, 25 ll of lysozyme from the stock
of 3 mgl1 was added in the sample cuvette by rapid mixing only after
adding 25 ll buﬀer to the reference cuvette. The decrease in absor-
bance, which occurred during the lysis of the cell wall, was recorded
at 450 nm for 20 min. The initial velocity (v) of lysis was deduced from
the slope of the linear part of the recordings, usually over 30 s where
10–20% of the substrate was lysed. This experiment was repeated for
diﬀerent concentrations of the substrate in the range 10–150 mgl1,
and a plot of v versus [S] (in mgl1) was generated. This plot was ana-
lyzed for Km and kcat using the relation,
v ¼ kcat½S=ðKm þ ½SÞ. ð1Þ
In order to see the eﬀect of a polyol on the kinetic parameters (Km and
kcat) of lysozyme, the substrate and the enzyme were preincubated in a
given concentration of the polyol. Reaction at each concentration of
the polyol was followed exactly the same way as described for the con-
trol experiment.
Following the procedure described by Crook et al. [21], RNase-A
activity using cytidine 2 0-3 0 cyclic monophosphate (C > p) as a sub-
strate was measured. Progress curve for RNase-A mediated hydrolysis
of C > p in the concentration range (0.05–0.50 mgml1) in the absence
and presence of a given concentration of a polyol was followed by
measuring change in absorbance at 292 nm for 20 min in Jasco V-
560 UV/Vis spectrophotometer. Sample and reference cells were main-
tained at 25.0 ± 0.1 C. From each progress curve at a given substrate
concentration and in the absence and presence of a ﬁxed polyol con-
centration, initial velocity (v) was determined from the linear portion
of the progress curve, usually 30 s. The plot of initial velocity (v) versus
[S] (in mM) at each polyol concentration was analyzed for Km and kcat
using Eq. (1).2.2. GdmCl-induced denaturation measurements
GdmCl-induced denaturation of RNase-A and lysozyme in the pres-
ence and absence of polyols was followed by measuring changes in
[h]222 as a function of GdmCl concentration at 25 C. It should be
noted that each solution was kept for adequate time to allow equilibra-
tion for denaturation by GdmCl. Assuming a two-state model of dena-
turation, optical transition data were converted into DGD the Gibbs
energy change using the relation,
DGD ¼ RT lnfðy  yNÞ=ðyD  yÞg; ð2Þ
where y is the observed optical property and yN and yD are, respec-
tively, the properties of the native and denatured protein molecules un-
der the same experimental condition in which y has been determined.
DGD (5.4 6 DGD (kJmol1) 6 5.4) was plotted against [GdmCl],
the molar concentration of the denaturant, and a linear least-squares
analysis was used to ﬁt the (DGD [GdmCl]) data to the relation,
DGD ¼ DGoD  md½GdmCl; ð3Þ
where DGoD is the value of DGD at 0 M denaturant, and md gives the
linear dependence of DGD on the [GdmCl].3. Results
3.1. Activity measurements
Following the procedure described in the preceding section,
functional activity parameters (Km and kcat) of lysozyme and
RNase-A were measured in the absence and presence of dif-
ferent concentrations of ﬁve polyols at pH 7.0 and 25 C; the
substrates used were M. leuteus cell walls for lysozyme and
C > p for RNase-A. The observed Km and kcat values for
both proteins are presented in Table 1. It should be noted
that the value of each kinetic parameter represents the mean
of three independent measurements, and a ± is the mean
error.3.2. Isothermal GdmCl denaturation measurements
GdmCl-induced denaturation curves of lysozyme and
RNase-A in the absence and presence of 10%, 20%, 30%
and 40% (w/v) sorbitol; 10%, 20%, 30% and 40% (v/v) glyc-
erol; and 0.25, 0.50, 0.75 and 1.00 M each of mannitol,
adonitol and xylitol were measured by following changes
in [h]222 as a function of the denaturant concentration at
pH 7.0 and 25 C. Figs. 1(A–E) and 2(A–E) show, respec-
tively, the GdmCl-induced denaturation curves of lysozyme
and RNase-A in the presence and absence of diﬀerent con-
centrations of polyols. Each denaturation curve was mea-
sured three times and found to be reversible. It has been
observed that for each protein the dependencies of yN and
yD on [GdmCl] are independent of the polyol type and its
concentration. These dependencies for lysozyme and
RNase-A are given by Eqs. (4) and (5) and Eqs. (6) and
(7), respectively.
yN; deg cm
2 dmol1 ¼ 168 ð25Þ ½GdmCl  10 062 ð48Þ; ð4Þ
yD; deg cm
2 dmol1 ¼ 262 ð32Þ ½GdmCl  4160 ð194Þ; ð5Þ
yN; deg cm
2 dmol1 ¼ 101 ð4Þ ½GdmCl  8962 ð2Þ; ð6Þ
yD; deg cm
2 dmol1 ¼ 352 ð3Þ ½GdmCl  3187 ð15Þ. ð7Þ
These observations were used to estimate values of DGD in the
range 5.4 6 DGoD ðkJ mol1Þ 6 5.4 associated with each
GdmCl-induced denaturation curve using Eq. (2), which are
plotted against [GdmCl] in panels F–J of Figs. 1 and 2. It
should be noted that either denaturation curves could not be
induced or they could be induced partially in the presence of
some concentrations of osmolytes because of the experimental
constraints. However, the partially observed transition curves
were analyzed using the same dependence of yD on [GdmCl]
given above.
Each plot of DGD versus [GdmCl] was analyzed for DG
o
D and
md using Eq. (3). Table 3 shows the values of DG
o
D and Cm the
midpoint of denaturation ð¼ DGoD=mdÞ in the presence and ab-
sence of diﬀerent concentrations of polyols.
GdmCl-induced denaturation curves of lysozyme and
RNase-A in the absence and presence of 10% each of sorbi-
tol and glycerol and 0.5 M each of xylitol, adonitol and
mannitol were also measured by following changes in De,
the diﬀerence molar absorption coeﬃcient (De300 for lyso-
zyme and De287 for RNase-A) as a function of the denatur-
ant concentration at pH 7.0 and 25 C. Each transition
curve, which was measured three times, was analyzed for
DGoD and Cm using the procedure described above. These
values are also shown in Table 2.
Table 1
Activity parameters of lysozyme and RNzse-A in the presence and absence of polyols at pH 7.0 and 25 C
Polyol concentration Lysozyme RNase-A
Km (mgl
1) kcat · 107 (mgs1M1) Km (mM) kcat (min1)
%, w/v Sorbitol
0 79.36 ± 9 2.30 ± 0.22 1.33 ± 0.15 193 ± 21
10 82.23 ± 7 2.43 ± 0.40 1.36 ± 0.24 190 ± 14
20 76.00 ± 3 2.39 ± 0.33 1.23 ± 0.14 203 ± 07
30 73.45 ± 6 2.31 ± 0.20 1.28 ± 0.18 207 ± 11
40 78.76 ± 6 2.29 ± 0.21 1.25 ± 0.21 199 ± 18
%, v/v Glycerol
10 81.31 ± 4 2.27 ± 0.25 1.25 ± 0.17 195 ± 13
20 77.85 ± 4 2.41 ± 0.26 1.34 ± 0.12 190 ± 10
30 75.25 ± 7 2.37 ± 0.22 1.31 ± 0.15 198 ± 17
40 89.56 ± 9 2.46 ± 0.20 1.43 ± 0.20 209 ± 25
M Xylitol
0.25 80.25 ± 7 2.41 ± 0.18 1.41 ± 0.16 210 ± 12
0.50 78.15 ± 9 2.48 ± 0.27 1.32 ± 0.19 205 ± 10
0.75 74.59 ± 5 2.33 ± 0.45 1.35 ± 0.08 211 ± 07
1.00 87.65 ± 8 2.39 ± 0.19 1.39 ± 0.19 201 ± 24
Adonitol
0.25 78.50 ± 5 2.24 ± 0.12 1.41 ± 0.13 187 ± 12
0.50 76.36 ± 5 2.41 ± 0.32 1.29 ± 0.16 215 ± 18
0.75 81.29 ± 6 2.45 ± 0.29 1.33 ± 0.11 200 ± 10
1.00 79.00 ± 4 2.36 ± 0.17 1.22 ± 0.09 189 ± 20
Mannitol
0.25 79.85 ± 7 2.28 ± 0.31 1.26 ± 0.13 195 ± 12
0.50 84.67 ± 6 2.51 ± 0.26 1.30 ± 0.12 191 ± 09
0.75 75.64 ± 8 2.40 ± 0.34 1.37 ± 0.16 207 ± 12
1.00 85.49 ± 5 2.35 ± 0.25 1.23 ± 0.08 194 ± 19
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The far- and near-UV CD spectra of the native lysozyme
and RNase-A in the absence and presence of the highest con-
centrations of all polyols have been measured at pH 7.0 and
25 C. It is seen in Fig. 3 that there is no signiﬁcant change
in the secondary and tertiary structures of the native protein
on the addition of polyols (curves grouped as 1). These ﬁgures
also show the far- and near-UV CD spectra of the GdmCl
denatured lysozyme and RNase-A in the presence of polyols
at pH 7.0 (curves grouped as 2).4. Discussion
Measurements of the activity parameters (Km and kcat) of
lysozyme and RNase-A in the absence and presence of polyols
were carried out at pH 7.0 and 25 C. These kinetic parameters
in the absence of the osmolytes, shown in Table 1, are in excel-
lent agreements with those reported earlier [10,20,22]. These
agreements lead us to believe that our measurements of the en-
zyme catalyzed reactions and the analysis of the progress
curves for kinetic parameters are accurate. A comparison of ki-
netic parameters of lysozyme and RNase-A in the presence of
polyols is, however, not possible, for activity measurements of
these proteins in the presence of all ﬁve polyols have not been
made earlier. It is seen in Table 1 that both Km and kcat of both
enzymes are, within experimental errors, unperturbed on the
addition of polyols. These observations lead us to conclude
that these polyol osmolytes are compatible with the function
of both lysozyme and RNase-A at pH 7.0 and 25 C. It should,however, be noted that although glycerol has been shown to be
compatible with functions of many enzyme [this study, 23], it is
found to be non-compatible with some other enzymes [23–25].
Observation on the compatibility of osmolyte with func-
tional activity of enzymes is explained in the light of the ﬁnding
that osmolytes are preferentially excluded from the protein do-
main [15]. It has been argued that since these cosolvents are ex-
cluded from the vicinity of the protein surface, i.e., there is not
direct interaction between the osmolyte and the protein, such
molecules are, therefore, expected to have no eﬀect on Km
and kcat [3,26]. It has also been reported earlier that compatible
osmolytes might be expected to aﬀect the association of sub-
strate with enzyme in any one of several ways, through solva-
tion eﬀects on substrates or enzyme active sites, by means of
eﬀects on the thermodynamic activity of substrates or enzyme
[26,27]. Our observation suggests that both Km and kcat of
lysozyme and RNase-A are not signiﬁcantly perturbed by
polyols. Thus the lack of eﬀect on both enzymatic parameters
is apparently due to that polyols have little or no eﬀect on the
solvation properties of substrates and enzyme active sites. This
is also in agreement with the observation reported earlier for a
compatible osmolyte proline [28]. It is noteworthy that coun-
teracting osmolytes increase DGoD of proteins and hence the
enzymatic activity [3,29,30]. Therefore, the innocuous eﬀect
of polyol osmolytes on enzyme activity at a given experimental
condition may also be due the lack of eﬀect on DGoD that de-
ﬁnes the equilibrium, N stateM D state at the same experi-
mental condition.
In order to test the prediction that polyols will have no eﬀect
on DGoD of proteins under the experimental condition in which
Fig. 1. GdmCl-induced unfolding proﬁles and DGD versus [GdmCl] plots for lysozyme in the presence of diﬀerent concentrations of polyols at pH
7.0 and 25 C. Unfolding curves (A–E) in the absence (s) and presence of 10 (,) and 20 (.)% sorbitol (w/v) and glycerol (v/v); and 0.25 (d), 0.50
(n), and 0.75 (m) M xylitol, adonitol and mannitol. Inset in each panel of left-hand side represents the unfolding curves obtained by monitoring
changes in De300. DGD versus [GdmCl] plots (F–J) in the absence and presence of polyols, and symbols have the same meaning as in (A–E).
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denaturation curves of lysozyme and RNase-A were measured
in the presence and absence of diﬀerent concentrations of all
ﬁve polyols at pH 7.0 and 25 C (Figs. 1 and 2). These denatur-
ation curves were analyzed for DGoD a measure of shift of the
equilibrium, N stateM D state. Since the analysis involved
three assumptions, a few comments are necessary. First, it
has been assumed that the GdmCl denaturation of lysozyme
and RNase-A in the absence and presence of polyols follows
a two-state mechanism. This is indeed true for these proteins
in the absence of osmolytes [31]. In order to check whether
the two-state assumption is also valid in the presence of poly-
ols, GdmCl denaturation curves were measured by observingchanges in the diﬀerence absorption coeﬃcients, De300 and
De287 of lysozyme and RNase-A, respectively, in the presence
of 10% each of sorbitol and glycerol and 0.50 M each of man-
nitol, adonitol and xylitol. We compared Cm and DG
o
D values
obtained from the absorption measurements with the ones
obtained from CD measurements. It has been observed that
both measurements gave, within experimental errors, identical
values of thermodynamic parameters (see Table 2). Thus, the
assumption that GdmCl denaturation of RNase-A and lyso-
zyme in the presence of osmolytes is a two-state process seems
to be valid.
Second, it has been assumed that DGD of RNase-A and lyso-
zyme in the absence and presence of polyols varies linearly
Fig. 2. GdmCl-induced unfolding proﬁles and DGD versus [GdmCl] plots for RNase-A in the presence of diﬀerent concentrations of polyols at pH
7.0 and 25 C. Unfolding curves (A–E) in the absence (s) and presence of 10 (,), 20 (.), 30 (h), and 40 ( )% sorbitol (w/v) and glycerol (v/v); and
0.25 (d), 0.50 (n), 0.75 (m), and 1.00 (r) M xylitol, adonitol and mannitol. Inset in each panel of left-hand side represents the unfolding curves
obtained by monitoring changes in D287. DGD versus [GdmCl] plots (F–J) in the absence and presence of polyols, and symbols have the same
meaning as in (A–E).
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proteins in the absence of polyols varies linearly with [GdmCl]
throughout the denaturant concentration range [32]. It is seen
in Figs. 1 and 2 that at each ﬁxed concentration of polyol the
plot of DGD versus [GdmCl] is linear at least in the narrow
denaturation concentration range. However, additional data
are not available to validate our assumption that the depen-
dence of DGD of the protein on the denaturant concentration
is also linear in entire [GdmCl] range at given polyol concen-
tration. Since there is neither direct interaction between poly-
ols and proteins [7,8] nor there is any interaction betweenthe denaturant and polyol [12], it seems reasonable to assume
that the linear dependence of DGD on [GdmCl], observed in
the narrow denaturant concentration range, is valid in the
lower [GdnCl] range upto 0 M.
Another assumption made in the analysis of the transition
curves of RNase-A and lysozyme is that the structural charac-
teristics of the two end-states of the denaturation are not
aﬀected on the addition of polyols. In order to see whether this
assumption is valid for the native proteins, the far- and near-
UV CD spectra of lysozyme and RNase-A were measured in
the absence and presence of 40% each of sorbitol and glycerol
Table 2
Parameters characterizing the GdmCl unfolding of lysozyme and RNase-A at 25 Ca
Polyol concentration Lysozyme RNase-A
Cm DG
o
D Cm DG
o
D
%, w/v Sorbitol
0 4.51 ± 0.04 59.43 ± 5.48 3.60 ± 0.03 44.31 ± 2.22
(4.62 ± 0.05) (58.23 ± 3.59) (3.52 ± 0.04) (43.97 ± 3.37)
10 4.92 ± 0.05 59.06 ± 5.02 3.71 ± 0.07 44.60 ± 2.98
(4.85 ± 0.04) (58.49 ± 6.23) (3.67 ± 0.05) (42.27 ± 4.19)
20 5.40 ± 0.05 58.94 ± 4.32 4.13 ± 0.02 44.80 ± 3.50
30 – – 4.52 ± 0.05 44.18 ± 3.97
40 – – – –
%, v/v Glycerol
10 4.80 ± 0.04 58.52 ± 4.44 3.70 ± 0.05 43.89 ± 3.49
(4.72 ± 0.02) (59.15 ± 5.54) (3.75 ± 0.03) (41.56 ± 3.68)
20 5.20 ± 0.05 60.19 ± 3.24 3.84 ± 0.04 44.60 ± 3.68
30 – – 4.22 ± 0.08 44.14 ± 3.54
40 – – – –
M Xylitol
0.25 4.70 ± 0.02 59.31 ± 1.00 3.64 ± 0.06 43.84 ± 3.05
0.50 5.05 ± 0.04 59.80 ± 2.40 3.85 ± 0.08 44.18 ± 2.60
(4.98 ± 0.06) (60.04 ± 6.65) (3.90 ± 0.03) (46.75 ± 2.53)
0.75 5.23 ± 0.06 59.56 ± 2.05 3.96 ± 0.05 44.34 ± 3.38
1.00 – – 4.20 ± 0.07 44.60 ± 5.06
Adonitol
0.25 4.75 ± 0.04 59.66 ± 1.46 3.70 ± 0.04 43.51 ± 2.47
0.50 4.95 ± 0.04 59.69 ± 1.55 3.83 ± 0.07 44.64 ± 3.18
(4.92 ± 0.02) (58.32 ± 4.93) (3.87 ± 0.01) (43.08 ± 6.26)
0.75 5.15 ± 0.02 60.26 ± 1.78 4.00 ± 0.05 44.48 ± 2.72
1.00 – – 4.25 ± 0.06 44.94 ± 2.30
Mannitol
0.25 4.75 ± 0.03 59.89 ± 1.48 3.65 ± 0.07 43.93 ± 2.72
0.50 4.85 ± 0.07 59.68 ± 1.75 3.82 ± 0.07 44.06 ± 2.80
(4.90 ± 0.04) (57.55 ± 2.38) (3.78 ± 0.05) (42.03 ± 3.08)
0.75 5.10 ± 0.05 59.10 ± 1.92 3.93 ± 0.04 44.48 ± 3.09
1.00 – – 4.14 ± 0.05 44.39 ± 2.80
aDimensions of Cm and DG
o
D are M and kJmol
1, respectively. Values of those parameters given in parentheses are obtained from unfolding
measurements using De300 and De287 as probes for lysozyme and RNase-A, respectively.
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25 C (see Fig. 3). It is seen in Fig. 3 that both secondary and
tertiary structures of the native proteins are, within experimen-
tal errors, identical in the absence and presence of all polyols.
This observation is consistent with the recent X-ray diﬀraction
results showing that the native structure of a protein is not per-
turbed in the presence of osmolytes [33]. It is interesting to
note that osmolytes have been shown to have no eﬀect on
the dimensions of the native folded molecules either [34–36].
Thus, measurements of optical properties (this study), dimen-
sional properties [34–36] and X-ray data [33] support our
assumption that the native structure of a protein is the same
in the presence and absence of polyols. In order to see whether
the same is also true for the denatured states of RNase-A and
lysozyme, the far- and near-UV CD spectra of GdmCl dena-
tured proteins at pH 7.0 were measured in the presence and ab-
sence of all the ﬁve polyols (see Fig. 3). It has been observed
that polyols do not aﬀect the secondary and tertiary structures
of GdmCl denatured states of RNase-A and lysozyme (see Fig.
3). The observation on the eﬀect of osmolytes on denatured
state of proteins is also in agreement with the recent observa-
tion that the eﬀect of osmolyte on the intrinsic H/D exchange
of fully exposed amide protons is found to be negligible ornon-existent [37]. Thus, our assumption that polyols do not af-
fect the structural characteristics of the two end-states of the
process, N conformationMD conformation seems to be rea-
sonable. Hence a comparison of a thermodynamic property
of denaturation in the presence and absence of polyols is valid.
Values of DGoD, the value of DGD in the absence of denatur-
ant, and Cm obtained from the analysis of the GdmCl-induced
transition curves are given in Table 2. These values in the ab-
sence of polyol are in excellent agreements with those reported
earlier [30,37]. This agreement led us to believe that our
GdmCl-induced transition curves and their analysis for the
thermodynamic parameters (DGD and Cm) are accurate. It is
seen in Table 2 that DGoD values of lysozyme and RNase-A
are not signiﬁcantly perturbed in the presence of each polyol.
It is noteworthy that Kim et al. [12] have recently measured
DGoD of RNase-A from the measurements of GdmCl-induced
transition curves in the absence and presence of diﬀerent con-
centrations of another polyol, sucrose at pH 7.4 and 25 C.
They have observed that DGoD of the protein is unperturbed
in the presence of sucrose. It is therefore concluded that DGoD
of each protein remains unchanged in the presence of polyol
(Table 2) under the experimental conditions in which these
osmolytes are compatible with enzyme function (Table 1).
Fig. 3. Eﬀect of polyols on the secondary and tertiary structures of the native and GdmCl denatured states of lysozyme and RNase-A at pH 7.0 and
25 C. The far-UV (A) and near-UV (B) CD spectra of the native state (1) and 6.0 M GdmCl denatured state (2) of lysozyme in the absence (s) and
presence of 10% each of sorbitol (d) and glycerol (n); and 0.50 M each of mannitol (m), adonitol (,) and xylitol (.). The far-UV (C) and near-UV
(D) CD spectra of the native and 6.0 M GdmCl denatured state of RNase-A. Curve numbers and symbols have the same meaning as in (A).
I. Haque et al. / FEBS Letters 579 (2005) 3891–3898 3897A large body of data suggests that the preferential exclusion
of osmolytes from the protein domain is due to the overwhelm-
ing unfavorable interaction of the osmolyte with the peptide
backbone [16,38]. This preferential interaction stabilizes the
N state by shifting the equilibrium, N stateM D state toward
N state. It has also been shown that preferential binding of the
osmolyte to the denatured state destabilizes the N state by
shifting the denaturation equilibrium toward D state [15,7].
Thus, the observed eﬀect of polyols on lysozyme and RNase-
A at pH 7.0 and 25 C is a perfect balance between these
two opposing eﬀects on the denaturation equilibrium, N
state M D state. This could be a most probable reason for
why polyol osmolytes have no eﬀect on DGoD of the proteins.
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